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FecundityGeographic distributions of species are frequently inﬂuencedby temperature and as a result, there is considerable
interest in predicting the effect of climate change on biogeography. Previous studies have found strong correla-
tions between sea surface temperature and recruitment in the acorn barnacle Semibalanus balanoides, an impor-
tant member of temperate intertidal communities in the Northern Hemisphere. The underlying mechanism that
drives this relationship is, however, unknown. The hypothesis tested here is that variation in recruitment is
determined by temperature-induced variation in survival of brooded embryos.
Brooding adultswere held under several environmentally-relevant temperature conditions from7 °C to 13 °C until
eggswere ready to hatch. Therewas no signiﬁcant effect of temperature on embryonic development rate. Brooding
individuals held at colder temperatures had more than twice the reproductive mass of those held at warmer tem-
peratures. This mass difference is caused by an over three-fold larger number of embryos surviving in the coldest
treatment (7 °C) compared to the warmest treatment (13 °C). Temperature-induced variation in number of sur-
viving embryos likely contributes to differences in recruitment following cold winters vs. warm winters. Such
temperature-dependent variation in recruitment has been shown to cause year to yearﬂuctuations in the positions
of the geographic limits of the species in Southwest England, France, and Spain. This study illustrates the key role of
adult input into the larval pool in generating variation in recruitment and its inﬂuence on biogeography.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Climate change has been implicated as the driving force behind
changes in species' distributions in bothmarine and terrestrial environ-
ments (Hilbish et al., 2012; Parmesan et al., 1999; Thomas and Lennon,
1999;Wethey et al., 2011) and there is substantial interest in prediction
of future changes in distribution, particularly from a conservation per-
spective (Bourg et al., 2005; Guisan and Zimmermann, 2000; Newbold
and Eadie, 2004). Early modeling efforts focused on statistical relation-
ships among species presence/absence and environmental variables,
but as limitations to such approaches are identiﬁed (Austin, 2002;
Guisan and Zimmermann, 2000), there ismotivation to buildmechanis-
tic models describing the effects of climate change (and smaller scale
temperature variation) on population dynamics.
The cold-water acorn barnacle Semibalanus balanoides (L.) provides
anexcellent study organism for parameterization ofmechanistic species
distribution models as it is a common, widely-distributed member of
boreo-arctic communities that is relatively easy to rear in the laboratory
and populations are easily manipulated in the ﬁeld. Additionally, there925 N. Mills Ave. Claremont, CA
.
. This is an open access article underis a wealth of literature on S. balanoides physiology (Barnes, 1963; Crisp,
1959; Crisp and Patel, 1969) and historical distributions (Hawkins et al.,
2003; Jones et al., 2012; Moore, 1936; Southward, 1991; Southward and
Crisp, 1954; Southward et al., 1995), providing data for testing developed
models. S. balanoides is a cross-fertilizing hermaphrodite, which fertilizes
in the late fall (Nov–Dec; Crisp, 1964) and broods its embryos outside the
body but within the shell until the late winter/early spring (March; Crisp,
1964), releasing one brood of larvae per year.
There is substantial temporal and spatial variation in recruitment in
populations of S. balanoides (Bertness et al., 1996; Drévès, 2001; Gaines
and Bertness, 1992; Jenkins et al., 2000, 2001; Pineda et al., 2006, 2009;
Rognstad et al., 2014). In many cases recruitment of S. balanoides is
strongly correlated with cold winters (Abernot-Le Gac et al., 2013;
Drévès, 2001; Jenkins et al., 2000; Southward, 1991) and near its south-
ern range boundary this variation results in range expansion and con-
traction that depend upon regional patterns of winter temperature
(Jones et al., 2012; Southward, 1967; Wethey and Woodin, 2008;
Wethey et al., 2011). Rognstad et al. (2014) showed that variation in
recruitment and changes in geographic limits at the southern range of
S. balanoides in Southwest England depend onwhether sea surface tem-
perature (SST) is less than 10 °C during the 8–12week period that adult
barnacles incubate developing embryos. During cold winters that met
this threshold larval recruitment was high and S. balanoides expandedthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Description of developmental traits used to stage barnacle embryos (J Pineda and V
Starczak, personal communication).
Stage Description
0 White tissue
1 Yellow tissue, gonad is stringy and not yet egg-shaped
2 Eggs are visible and ovoid, but not developed.
3 Eggs are translucent and yellow. They have brown eyespots, but no body
structure
4 Visible naupliar body structure, including caudal spines and distinctive
eyespot, developing gut sometimes visible. Eggs beginning to change color
from yellow to white
4b Fully-developed nauplii with appendages and two brown spots, embryos
contained within egg case
5 Free-swimming or loose nauplii with appendages free from the membrane
358 R.L. Rognstad, T.J. Hilbish / Journal of Experimental Marine Biology and Ecology 461 (2014) 357–363its geographic range, whereas recruitment was very low followingwin-
ters where SST was greater than 10 °C (Rognstad et al., 2014).
Several mechanistic hypotheses have been proposed to explain the
striking association between winter SST and recruitment in
S. balanoides. First, it is possible that fertilization rate depends upon
cold temperature in the autumn when S. balanoides copulate and that
during warm years there is a low rate of fertilization. Barnes (1963),
Tighe-Ford (1967), and Crisp and Patel (1969) found in experimental
studies that S. balanoidesmust experience cold temperatures in the au-
tumn for fertilization to be successful. Second, following fertilization,
developing embryos are incubated by the adult for several weeks and
embryonic developmentmay depend upon temperature. There are sev-
eral mechanisms by which this may occur; embryos may fail to com-
plete development during warm winters, the rate of development
may dependupon temperature, or embryosmay exhaust theirmetabol-
ic reserves during warm winters and die before release into the
plankton (Crisp, 1959). Many investigators have speculated that
temperature-dependent variation in developmental rate may cause a
mismatchwith the phytoplankton bloomwhich results in larval starva-
tion andhighmortality rates duringwarmwinters (e.g. Barnes, 1956). It
is also possible that variation in the timing of larval releasemay result in
variation in the timingof settlement that produces high post-settlement
mortality rates, either because settlement inwarmwinters is more like-
ly to coincide with high temperature events following settlement
(Jarrett, 2003; Kendall et al., 1985; Pineda et al., 2006; Poloczanska
et al., 2008) or low quality larvae resulting from a mismatch with the
phytoplankton bloom are less likely to survive once they have settled
(reviewed by Pechenik et al., 1998).
This study tests the hypothesis that temperature inﬂuences embry-
onic development during incubation by their parent. Speciﬁcally, the hy-
potheses tested are that 1) embryos fail to complete development under
warm conditions and 2) the rate of embryonic development during incu-
bation depends upon temperature. The design of this study separates
hypotheses that pertain to the incubation phase of development from
those that focus on the fertilization success and those that attribute var-
iation in recruitment to processes that occur in the plankton or following
settlement. This study focuses on temperature variation in the range of
7–13 °C because this is the range of annual variation in winter SST that
occur at the southern geographic limit of S. balanoides in both North
America and in Europe (Jones et al., 2012; Rognstad et al., 2014;
Wethey et al., 2011) and encompasses the threshold temperature of
10–12 °C suggested by Crisp (1959), Barnes (1963), and Crisp and
Patel (1969) that is required for the completion of successful develop-
ment. Finally, previous studies did not distinguish between the effects
of SST and air temperature on recruitment success of S. balanoides so
this study explicitly tests whether air or water temperature is of greater
importance in determining success during embryonic development.
2. Material and methods
2.1. Experimental design
Adult S. balanoideswere collected from the beach at the end of Park
Road in Woods Hole, Massachusetts, USA (41.532°N × 70.671°W) on
December 6, 2012. Individuals were collected on cobbles that were
small enough to be easily transported and were selected to have barna-
cles at intermediate densities. Barnacleswere sparse enough to be cone-
shaped rather than columnar yetwerewithin onebody length of at least
one other individual so fertilization was possible. Individuals were
transported to the University of South Carolina at Columbia where the
cobbles were randomly assigned to one of ﬁve 52.9-L containers mea-
suring 31.4 cm × 58.4 cm × 41.2 cm. Treatment containers were placed
within environmental chambers (0.6 m3 interior volume) with individ-
ual temperature and lighting controls. Barnacles were exposed to a sim-
ulated semi-diurnal tide cycle with the timing of both the tide and
daylight schedule at Woods Hole. Seawater was pumped from theexperimental chamber to a head tank and the barnacles were exposed
to the air for 6 h to simulate low tide and then submerged for 6 h to sim-
ulate high tide. Seawater was constantly aerated. Every two weeks the
timing of the tide and light cycle was adjusted to match that of Woods
Hole. Treatment containers were covered with transparent Plexiglas to
prevent evaporation but allowed the barnacles to be exposed to the
light cycle. Barnacles were liberally fed every 2 days throughout the ex-
periment by addition of Spat Formula (Innovative Aquaculture Products
LTD), a commercial aquaculture product containing the diatoms
Chaetoceros-B and Phaeodactylum tricornutum and the ﬂagellate
Nannochloropsis oculata, at a ﬁnal concentration of 108 cells l−1. The
seawater in the experimental chambers was maintained at 35 ppt and
was replaced every two weeks. Feces and settled algal particles were
removed weekly. The water changes occurred during low tide (when
the water was in the head tank), allowing it to equilibrate to the treat-
ment temperature before the animals were submerged.
In three of the treatments, barnacles were exposed to the same air
and water temperature of 7°, 10°, and 13 °C to represent a range of
environmentally relevant temperatures spanning the temperature
threshold proposed in the literature (Barnes, 1963; Crisp, 1959; Crisp
and Patel, 1969). The temperatures were maintained using the internal
temperature controls of the incubators and monitored, which indicated
that the mean temperature of each treatment over the duration of the
experiment was within 0.5 °C of the intended temperature. Two addi-
tional, mixed-temperature treatments were also conducted, one with
7 °C air temperature and 13 °C water temperature, the other with
13 °C air temperature and 7 °C water temperature. These treatments
were used to differentiate among the effects of air temperature, water
temperature, and mean temperature on reproduction.
All experimental treatments were conducted simultaneously over a
total of 63 days and chambers were sampled at 8 time-points, 2, 9, 15,
27, 36, 46, 55, and 63 days after the start of the experiment. At each
time-point, 10–20 individuals were selected from randomly chosen
cobbles and carefully removed from the cobbles using a razor blade.
Effortsweremade to sample a representation of available sizes of adults
(5–13 mm basal diameter). Basal diameter at the widest point, opercu-
lum length at longest point, and height at tallest point were measured
for each individual (±0.1 mm). The developmental stage of the embry-
os was assessed under a dissecting microscope (50×) using the devel-
opmental scale described in Table 1 (J Pineda and VR Starczak,
personal communication). Somatic and gonad tissue were dissected,
dried at 55 °C for at least 48 h, and then weighed with a microbalance.
At the ﬁnal time-point (Day 63), a subsample of embryos (200–800)
was taken from each individual and counted using a Sedgwick Rafting
Counter, then dried and weighed to determine the average mass per
embryo for each treatment.
2.2. Statistical analyses
All statistical analyses were performed with R, version 3.0 (R
Development Core Team, 2013). Analysis of Covariance (ANCOVA)
Fig. 1. Percent of Semibalanus balanoides larvae reaching stage 4b over the course of the
experiment for the three single temperature treatments: 7 °C (open triangle, dashed
line), 10 °C (grey circle, solid line), and 13 °C (black box, dotted line). Lines are linear re-
gressions for linear portion of the curves.
Fig. 2. Semibalanus balanoides reproductive mass standardized to the grandmean of basal
diameter (9.14 mm) and linear regressions for the three single temperature treatments:
7 °C (open triangles, dashed line), 10 °C (grey circles, solid line), and 13 °C (black boxes,
dotted line). Adjusted means from ANCOVA ±1 standard error.
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2014). To determine the effect of temperature on development rate,
the time to reach stage 4b for each of the temperature treatments was
calculated. Stage 4b was chosen because at this stage, the embryos are
fully developed (possessing all appendages, etc.) and could potentially
survive outside of the adult (Crisp, 1959). Linear regression equations
were used to estimate the time at which 50% of the embryos had
reached stage 4b and the time at which 100% of the embryos had
reached stage 4b for each temperature treatment. Regressionswere cal-
culated using data from the period 0–35 days when less than 100% of
the embryos were in stage 4b. Residuals of the regressions of fraction
of embryos reaching stage 4b and time were tested for normality (an
assumption of ANCOVA) using the one-sample Kolmogorov–Smirnov
(K–S) test in R. The residuals were tested for homoscedasticity using
the Fligner–Killeen test of homogeneity of variances.
Reproductive mass was regressed against each of the linear mea-
sures of body size and determined that basal diameter explained the
greatest portion of variance. The effect of temperature on reproductive
mass over time was examined, by ﬁrst regressing reproductive mass
against basal diameter at each sample date in each experimental treat-
ment to adjust reproductive mass to the mean basal diameter across
all treatments (9.1 mm). For each treatment the adjusted mean repro-
ductive mass (±1 standard error) was then regressed against incuba-
tion time over the course of the experiment. The effect of temperature
on reproductive mass at the last time point (63 days incubation time)
was further assessed by ANCOVA using basal diameter as the covariate
and temperature as the treatment effect. The same procedure was
used to assess the effects of temperature on changes in somatic tissue
weight. Residuals of the regressions of reproductive mass and basal di-
ameter were tested for normality (an assumption of ANCOVA) using
the one-sample Kolmogorov–Smirnov (K–S) test in R.
3. Results
3.1. Effect of temperature on development rate
There was no signiﬁcant difference among treatments in the rate at
which embryos reached stage 4b of development (Fig. 1; ANCOVA, in-
tercept: F2,9 = 1.040, p = 0.39; slope: F2,9 = 0.093, p = 0.91). Using
separate regression equations for each temperature, the mean time
(±1SE) at which 50% of the embryos reached stage 4b was 12.7 ±
1.0, 17.1± 2.9, and 15.7 ± 1.3 days, for the 7 °C, 10 °C, and 13 °C treat-
ments, respectively. All embryos were estimated to have reached stage
4b by day 34.4, 34.9, or 35.1 for the 7 °C, 10 °C, and 13 °C treatments,
respectively.
3.2. Effect of temperature on reproductive mass
Over the course of the experiment, there was a signiﬁcant decrease
in size-adjusted reproductive mass for individuals in the 13 °C treat-
ment (F1,6 = 16.02, p = 0.007) and a signiﬁcant increase in size-
adjusted reproductive mass for individuals in the 7 °C treatment
(F1,6 = 6.28, p = 0.046; Fig. 2). There was no signiﬁcant relationship
between size-adjusted reproductive mass and time for the 10 °C treat-
ment (F1,6= 0.01, p= 0.924, Fig. 2). Additional analyseswere conduct-
ed on the data collected on the last sample date (day 63), when the
greatest difference among treatments was expected. At the last time-
point, there was a signiﬁcant negative effect of temperature on size-
adjusted reproductive mass (Fig. 3A and B). ANCOVA, with basal diam-
eter as the covariate, indicated that therewas a signiﬁcant effect of tem-
perature on reproductive mass (F2, 56 = 24.44, p b 0.001) and basal
diameter on reproductive mass (F1, 56 = 69.67, p b 0.001) and there
was no signiﬁcant difference among treatments in the slope of the rela-
tionship between reproductive mass and basal diameter (F2, 54 = 2.72,
n.s.). The distribution of the residuals of the regressions of reproductive
mass and basal diameter did not differ signiﬁcantly from normality inany of the single temperature treatments (K–S test, p N 0.05 for all
tests). There was also no signiﬁcant difference among the variances
(Fligner–Killeen test, chi-squared = 6.93, df = 4, p = 0.14). Posthoc
Tukey comparison of adjusted means indicated that all pairwise com-
parisons between the single temperature treatments were signiﬁcant.
In the single temperature treatments, mean size-adjusted reproductive
mass (±1SE)was largest for the 7 °C treatment (8.00±0.43mg), inter-
mediate in the 10 °C treatment (5.70 ± 0.44 mg), and smallest in the
13 °C treatment (3.75 ± 0. 45 mg) (Fig. 3A).
Because each temperature treatment was conducted in a separate
incubator there may be some concern that individuals within each
time point represent pseudoreplication. To address this issue, the effect
of temperature on reproductive mass was assessed by regressing the
Fig. 3. (A) Semibalanus balanoides size-adjusted mean reproductive mass (adjusted to grand mean basal diameter of 9.1 mm) for the three single temperature treatments (A07W07,
A10W10, and A13W13) and the two mixed temperature treatments (A07W13 and A13W07) at the ﬁnal timepoint. Treatment codes have “A” followed by the air temperature and
“W” followed by the water temperature. Bar indicates mean and error bars are standard error. (B) Semibalanus balanoides size-adjusted mean reproductive mass (adjusted to grand
mean basal diameter of 9.1 mm) vs. mean temperature at the ﬁnal timepoint. Solid line is the linear regression line (y =−0.749x + 13.07, F1,3 = 284.19, p b 0.0001, r2 = 0.99).
Fig. 4. Number of eggs vs. basal diameter of Semibalanus balanoides reared at three tem-
perature treatments: 7 °C (open triangle, dashed line), 10 °C (grey circle, solid line), and
13 °C (black box, dotted line). Each point represents one individual (N = 10 per treat-
ment); lines are linear regressions.
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temperature. Themixed temperature treatmentswere considered addi-
tional replicates of the 10 °C temperature because this was the mean
temperature of these treatments. The regression of mean reproductive
mass on temperature was negative and highly signiﬁcant (F1, 3 =
284.19, p b 0.001, r2 = 0.99). A separate regression excluding the two
mixed treatments also yielded a signiﬁcant negative relationship between
mean reproductive mass and temperature (F1,1 = 311.62, p = 0.04).
Consequently, the inverse relationship between reproductive mass and
temperature was likely due to the temperature and not to an artefact in-
troduced by the fact that the barnacles within a given temperature treat-
ment were maintained within the same incubator.
At day 63, the relationship between reproductivemass and thenum-
ber of embryos for 10 individuals from each treatmentwasmeasured to
determine if the difference in total reproductive mass among experi-
mental temperatures was caused by variation in the number of embry-
os, variation inmass per embryo, or both. ANCOVA, with basal diameter
as the covariate, indicated that there was a signiﬁcant effect of temper-
ature treatment on number of embryos (F2, 26 = 10.59, p b 0.001) and
basal diameter on number of embryos (F1, 26 = 13.66, p= 0.001) and
there was no signiﬁcant difference among temperatures in the slope
of the relationship between the number of embryos and basal diameter
(F2, 24 = 1.99, n.s.). Posthoc Tukey comparison of adjusted means
(±1SE, adjusted to the grand mean basal diameter, 9.1 mm) indicated
that there were signiﬁcantly more embryos in the 7 °C (3555 ± 492
embryos) and 10 °C (3280 ± 534) treatments compared to the 13 °C
treatment (956 ± 124; p b 0.01, Fig. 4), and the 7 °C and 10 °C treat-
ments did not signiﬁcantly differ in number of embryos. There was
also signiﬁcant difference among treatments in the average mass per
embryo on day 63 (ANOVA, F2, 27 = 11.35, p b 0.001). Posthoc Tukey
comparison of means indicated a signiﬁcantly greater mass per embryo
(3.46 ± 0.18 μg) in the 13 °C treatment than in the 7 °C treatment
(2.30 ± 0.16 μg, p b 0.001) or the 10 °C treatment (2.41 ± 0.21 μg,
p = 0.002). The 7 °C and 10 °C treatments did not differ signiﬁcantly
in mass per embryo.
Somatic mass also differed among the treatments at the last time
point. ANCOVA, with basal diameter as the covariate, indicated that
there was a signiﬁcant effect of temperature on somatic mass (F2, 56 =
4.28, p = 0.018) and basal diameter on somatic mass (F1, 56 = 69.30,
p b 0.001) and there was no difference among temperatures in the
slope of the relation between somatic mass and basal diameter (F2,54 =
0.96, n.s.). Posthoc Tukey comparison of size-adjusted means (±1SE, ad-
justed to the grandmean basal diameter, 9.1 mm) indicated that somatic
mass was signiﬁcantly greater in the 7 °C treatment (1.42 ± 0.09 mg)compared to the 13 °C treatment (1.03 ± 0.09 mg), and the 10 °C treat-
ment (1.31 ± 0.09 mg) did not signiﬁcantly differ from either the 7 °C
or 13 °C temperature treatments.
3.3. Effects of air vs. water vs. mean temperature
Mean reproductive mass of the animals at the last time point incu-
bated in the mixed temperature treatments (Air 13 °C–Water 7 °C,
5.32 ± 0.74 mg; Air 7 °C–Water 13 °C, 5.53 ± 0.75 mg) did not differ
signiﬁcantly from those held at a constant temperature of 10 °C
(5.70 ± 0.44 mg) (Fig. 3). ANCOVA, with basal diameter as the covari-
ate, indicated that there was a signiﬁcant effect of basal diameter on re-
productivemass (F1, 36= 13.40, p b 0.001), but therewas no signiﬁcant
difference among temperature treatments in adjusted mean reproduc-
tive mass (F2, 36 = 0.09, n.s.) and there was no signiﬁcant difference
among temperature treatments in the slope of the relationship between
reproductive mass and basal diameter (F2, 34 = 1.43, n.s.). The
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basal diameter did not differ signiﬁcantly from normality in the 10 °C
single temperature treatment or the 7 °C air/13 °C water treatment
(K–S test, p N 0.05 for both tests). The distribution of the residuals for
the regression of reproductivemass and basal diameter did differ signif-
icantly from normality in the 13 °C air/7 °C water treatment (K–S test,
p b 0.01) and caution must be used when interpreting the results.
Though there was not a signiﬁcant difference in the mean size-
adjusted reproductive mass among these treatments, the data from
the 13 °C air/7 °C water treatment are distinctive because 80% of the
reproductive mass values were low (b5mg) though a range of basal di-
ameters were sampled, while data from the other treatments exhibited
a strong trend of increasing reproductive mass with increasing basal
diameters. The mixed temperature treatments also had no effect on de-
velopment rate. When compared to all three single temperature treat-
ments, there was no signiﬁcant difference among treatments in the
linear portion (ﬁrst 5 time-points) of the relationship between time
and percent of embryos reaching stage 4b (ANCOVA, intercept:
F4,17 = 0.6621, p = 0.63; slope: F4,15 = 0.1055, p = 0.98; data not
shown).4. Discussion/conclusion
S. balanoides is circumpolar in theNorthernHemisphere and reaches
its southern range limit in regions where winter temperatures exceed
10–15 °C (Barnes, 1958; Jones et al., 2012; Rognstad et al., 2014;
Wells et al., 1960). The recruitment and abundance of adult
S. balanoides at its southern range boundary exhibit strong oscillations
that are correlated with changes in sea surface temperature at annual
and decadal time scales (Abernot-Le Gac et al., 2013; Drévès, 2001;
Jenkins et al., 2000; Jones et al., 2012; Rognstad et al., 2014; Southward,
1967, 1991;Wethey andWoodin, 2008;Wethey et al., 2011). Both ﬁeld
observations and experimental studies indicate that successful repro-
duction depends upon photoperiod (Davenport et al., 2005) and
experiencing a cold period during either the time of fertilization (typi-
cally in November) or during the incubation of embryos between fertil-
ization and their release in the early spring (Barnes, 1963; Crisp and
Patel, 1969). There are, however, two basic problems with interpreting
these studies. First, is the difﬁculty of determining the appropriatemea-
sure of temperature since the mechanism(s) of temperature effects on
reproduction success are not well known and different expressions of
temperature (maximum, minimum, mean, duration, etc.) and the
timing of these events are often highly correlated. For example, the
mean temperature in February (during incubation of embryos) is corre-
lated with the minimum and maximum temperature, and with the du-
ration of cold events (e.g. days below a given value) and additionally is
often correlated with temperature in November (during fertilization)
and later in spring and early summer (during settlement) (Rognstad
unpublished data). Consequently correlational studiesmay offer insight
into potential hypothetical mechanisms for the inﬂuence of tempera-
ture on reproduction but cannot be deﬁnitive. Second, previous experi-
mental studies have often confused the potential effects of temperature
on fertilization success with effects on development and success during
incubation (Barnes, 1963) or only measured the frequency of successful
fertilization but did not quantify the number of competent embryos re-
leased to the plankton (Barnes, 1963; Crisp and Patel, 1969). Conse-
quently, without experimental analysis it is not possible to disentangle
the various potential roles of temperature on different components of
the life history that may determine variation in reproductive success
in S. balanoides.
This study focuses speciﬁcally on the effects of temperature on de-
velopment following fertilization. Almost all adult barnacles used in
this study were fertilized at the beginning of the experiment and the
embryos were in the early stages of development; thus the effects of
temperature on fertilization success are not conﬂated with the effectsof temperature on the success of embryonic development during
incubation.
4.1. Effect of temperature on development rate
There was no evidence of a temperature-dependent blockage of de-
velopment; in all treatments embryos completed development through
stage 4b within 40 days (Fig. 1). There was also no signiﬁcant effect of
temperature on development rate to stage 4b, which is ecologically rel-
evant because embryos at this stagewould be viable if eggs hatched and
larvae were released into the plankton (Fig. 1). Crisp (1959) found sim-
ilar results; over the range of temperatures used in this study he found a
small effect of temperature on very early development and no effect of
temperature for themajority of development. Thus there is no evidence
that indicates that the elevated recruitment observed following cold
winters (Abernot-Le Gac et al., 2013; Drévès, 2001; Jenkins et al.,
2000; Rognstad et al., 2014; Southward, 1967, 1991; Wethey et al.,
2011) results from temperature-induced variation in development
rate that subsequently produces a bettermatchwith the phytoplankton
bloom (Barnes, 1956) or less-stressful settlement period (Kendall et al.,
1985; Pineda et al., 2006). This study did not test whether fertilization
success depends on temperature since ~90% of the individuals had
already been fertilized at the onset of the experiment. Thus a tempera-
ture “threshold” temperature above which reproduction is inhibited as
proposed by Barnes (1963) and Crisp and Patel (1969) could possibly
occur prior to fertilization.
4.2. Effects of temperature on reproductive mass
There was a nearly three-fold larger reproductive mass in the 7 °C
treatment compared to the 13 °C treatment by the conclusion of the ex-
periment (Figs. 2 and 3) whichwas caused by a nearly 4-fold difference
in the number of embryos between these two treatments (Fig. 4). It is
possible that the difference in the number of embryos is the result of
earlier release of some of the embryos in the warm treatment. This ex-
planation is unlikely for two reasons: ﬁrst, the membranes surrounding
the mass of embryos were still intact on the ﬁnal time point of the
experiment and embryos cannot hatch and be released to the plankton
without rupturing this membrane. Second, the experimental chambers
were observed daily and in the relatively small volume of our experi-
mental chambers (~45 L), released larvae in any appreciable quantity
would have been visible and this was not observed. Thus, a much great-
er number of embryos complete development at 7 °C than when they
experience 13 °C.
The large difference in the number of embryos produced among the
experimental temperatures is very compatible with the observed annu-
al variation in recruitment. Rognstad et al. (2014) found on average a
three-fold greater recruitment of S. balanoides in Southwest England fol-
lowing the cold winter of 2010 compared to recruitment observed
following the warm winter of 2012. There is also a strong inverse rela-
tionship between winter temperature and recruitment of S. balanoides
in France (Abernot-Le Gac et al., 2013; Drévès, 2001). Thus both the
magnitude of the variation in larval production and its inverse relation-
ship with temperature are mirrored by the variation in recruitment
observed in the ﬁeld. These results strongly indicate that temperature-
induced variation in successful incubation of embryos plays a major
role in controlling input into the larval pool and subsequent variation
in recruitment. Caution should be exercised in applying the results of
this study to recruitment variation observed in Europe for while North
American and European populations of S. balanoides can successfully
interbreed (Flowerdew, 1983; Wethey, pers. comm.) they are consid-
ered separate genetic races (Crisp, 1964: Barnes and Barnes, 1976)
and it is not yet clear that the same relationship between temperature
and the success of incubating embryos exists in both regions. Additional
variation in recruitment is also likely generated by variation in larval
success in the plankton and settlement (Connell, 1985; Hawkins and
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strongly suggest there is an important inﬂuence of annual variation in
temperature on determining the success of the incubation of embryos,
which subsequently contributes to annual variation in recruitment, es-
pecially at the southern geographic limits of S. balanoides.
There are at least two possible mechanisms to explain why repro-
ductive output is substantially reduced when embryos are incubated
at higher temperatures. The decrease in reproductive mass in the
13 °C treatmentmay be indicative of an inability tomeet the oxygende-
mand of late-stage embryos at this temperature. At the ﬁnal time-point,
20% of the embryonic masses reared at 13 °C contained embryos with
purple guts (compared to 0% in all other treatments), a condition caused
by protein–astaxanthin complex dissociation (Crisp, 1959) and associ-
ated with oxygen limitation (Crisp and Spencer, 1958) and eventual
death. In the case of S. balanoides embryos, Crisp (1959) proposed a crit-
ical temperature abovewhichO2 cannot diffuse into the eggmass in suf-
ﬁcient quantities to meet the demand of the developing embryos,
explaining the greater frequency of purple embryos he observed in
large egg masses vs. small egg masses at warm temperatures. Barnes
and Barnes (1959) reported a Q10 of 3.4 for metabolic rate of embryos
of S. balanoides between 5 and 15 °C, which indicates that embryos in-
cubated at 13 °C in this study would have over twice the metabolic
rate of those incubated at 7 °C. Additionally saturated seawater at 7 °C
contains 12% more O2 than at 13 °C which would further exacerbate
the potential for O2 stress when embryos are incubated at warmer con-
ditions. In this study, warm temperatures could result in a loss of repro-
ductive mass as embryos near the center of the egg mass are unable to
meet their O2 demand and subsequently die. A second possible mecha-
nism is that embryos reared at 13 °Cmay exhaust their energy reserves
more rapidly than embryos reared at lower temperatures and those
embryos that were initially provisioned with fewer reserves die. This
hypothesis is supported by the observation that adult somatic tissue
also declined during the experiment at 13 °C, which may be indicative
of a general energetic stress rather than a speciﬁc inability to deliver suf-
ﬁcient oxygen to meet the metabolic demand of all of the embryos.
These two hypotheses are not mutually exclusive; excessive metabolic
rate at 13 °C may lead to both exhaustion of metabolic reserves and se-
lective death of embryos that cannot obtain sufﬁcient oxygen to meet
their metabolic demand.
Unexpectedly, the embryos brooded at 13 °C had greater mass than
those brooded at 7 °C or 10 °C. This does not support the hypothesis
that embryos brooded at 13 °C would use up their energy reserves
faster and consequently decrease their reproductive mass relative to
the other temperature treatments. However, the change in the bio-
chemical composition of barnacle embryos over the course of develop-
ment during incubation is complex (Lucas and Crisp, 1987) and it is
unclear as to why embryos would have a greater average mass at the
warmest experimental treatment. Further biochemical analysis of the
embryos is needed to interpret the mechanism responsible for this
mass difference.
4.3. Effects of air vs. water vs. mean temperature
Two additional, mixed-temperature treatments were used, onewith
7 °C air temperature and 13 °C water temperature, the other with the
reciprocal 13 °C air temperature and 7 °C water temperature, to deter-
minewhether air or water temperature is more important in determin-
ing the success of embryos during incubation. In both cases the average
temperature experienced by the barnacle over the course of a day was
10 °C, comparable to the constant temperature treatment where air
and water temperature were both maintained at 10 °C. Neither the de-
velopment rate nor the ﬁnal reproductive mass of individuals brooding
in the mixed temperature treatments differed from each other or from
the constant 10 °C temperature treatment (Fig. 3). These results suggest
that the rate of embryonic development and reproductive output in
S. balanoides depend upon mean temperature rather than either air orwater temperature per se, at least within the range of temperatures
used in this study. Many previous studies have focused largely on SST
as an ecological driver, but the results of this study indicate that efforts
to model the inﬂuence of temperature on the physiology and ecology of
intertidal organisms should consider the response mechanism of their
study organism and potentially incorporate both air and sea surface
temperature (as in Wethey and Woodin, 2008).
4.4. Conclusion
This study demonstrates that relatively small changes in mean
brooding temperature have a dramatic effect on the number of
S. balanoides embryos reaching the ﬁnal development stage before re-
lease, but that developmental rate remains the same. The over three-
fold difference in the number of embryos could have equally large
effects on population dynamics as the odds of successful recruitment
are increased because of greater input into the larval pool, a life-stage
with high mortality (Pineda et al., 2009; Vaughn and Allen, 2010). The
large increase in embryo production at low temperatures may help
explain the expansions in geographic distribution and recovery of pop-
ulations at range edges of S. balanoides following coldwinters (Rognstad
et al., 2014; Southward, 1967, 1991; Wethey et al., 2011). Also, this
effect on embryonic development is produced by themean temperature
experienced by the animals, indicating that SST, which is often used
alone in intertidal population models (e.g. Poloczanska et al., 2008;
Wethey et al., 2011),may be insufﬁcient tomodel the dynamics of inter-
tidal organisms. Adult input into the larval pool is a driver of variation in
recruitment in barnacles (Burrows et al., 2010; Rognstad et al., 2014)
and other species (Hughes et al., 2000; Reed et al., 2009; Smith et al.,
2009). This study provides amechanism linking variation in temperature
to variation in adult input into the larval pool via differential survival of
embryos, explaining the relationship between shifts in biogeographic
range limits and temperature.
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